Because adults with relapsed or refractory B-cell acute lymphoblastic leukemia (B-ALL) have a poor prognosis, there has been keen interest in exploring other therapeutic modalities [1] . One such approach is to genetically modify autologous T cells to express a chimeric antigen receptor (CAR) that targets a specific tumor antigen [2] . CAR-modified T cells targeting the B cell-specific antigen CD19 have been studied in several clinical trials and demonstrated high rates of complete remission in patients with relapsed or refractory B-ALL [3] [4] [5] [6] [7] . Based on these encouraging results, a CAR T-cell product was recently approved by the US Food and Drug Administration for treatment of relapsed or refractory B-ALL in children and young adults.
A number of adverse effects are associated with CD19-targeted CAR T-cell therapy. The 2 most common treatment-related toxic effects include cytokine release syndrome (CRS) and neurologic toxic effects. CRS, a potentially life-threatening condition mediated by the elevation of proinflammatory cytokines, including interleukin 6 (IL-6), coincides with CAR T-cell expansion and usually occurs during the first 3-4 weeks of CAR T-cell infusion (CTI) [3, 4] .
Although CRS can be successfully managed with IL-6-directed therapy (eg, tocilizumab) or corticosteroids, the clinical presentations of CRS and sepsis are often indistinguishable. Thus, concomitant infection and CRS pose both diagnostic and management challenges and can be fatal [8] . However, little is known about the frequency and types of infectious complications after CD19 CAR T-cell therapy and whether current antimicrobial prophylactic practices are sufficient. Furthermore, patients are at increased risk of prolonged B-cell aplasia and hypogammaglobulinemia after CD19-targeted therapy, but the late infectious complications after CD19 CAR T-cell therapy remain unknown. To this end, we examined infections occurring within the first 180 days in 53 adult patients with relapsed or refractory B-ALL treated with CD19-targeted 19-28z CAR T cells in a phase I clinical trial at Memorial Sloan Kettering Cancer Center (MSKCC).
METHODS

Patients and Clinical Protocol
We reviewed 53 consecutive adults with relapsed or refractory B-ALL who received 19-28z CAR T cells at MSKCC in a phase I clinical trial (NCT01044069) from May 2010 until August 2016 when the study was completed. This historical cohort study was reviewed and approved by the institutional review board at MSKCC. Details regarding the study design were described elsewhere [3] . All patients underwent disease assessment with bone marrow evaluations immediately before CTI. The study included 3 stages designed to evaluate the safety and efficacy of 2 doses of CAR T cells (1 × 10 6 /kg and 3 × 10 6 /kg) and the addition of fludarabine to the conditioning chemotherapy regimen. Antimicrobial prophylaxis commenced with chemotherapy and was continued until count recovery or need to switch to therapy per institutional guidelines.
Definition of Infection
An episode of infection was defined as the presence of clinical symptoms along with corroborating laboratory, radiographic, microbiologic, and histopathologic results (Supplementary Material) [9] [10] [11] [12] [13] [14] [15] [16] . Proven or probable invasive fungal infections (IFIs) were defined according to published criteria [17] . IFIs in which symptom onset occurred before CTI were excluded. A timeline of documented infections occurring between the day of CTI (day 0) and day 180 was constructed for each patient. Data were censored on receipt of allogeneic hematopoietic stem cell transplantation (HSCT), last MSKCC follow-up date, or death.
Cytokine Analysis
Serial serum samples were obtained before and after administration of conditioning chemotherapy and after CTI. Cytokine profiles were analyzed using the Luminex FlexMAP 3D system and commercially available 38-plex cytokine detection assays as described elsewhere [3, 18, 19] .
Data Collection
Data extracted from the electronic medical record included demographics, prior treatment history, hospital and intensive care unit length of stay, conditioning chemotherapy before CTI, antimicrobial prophylaxis, subtype and duration of leukopenia, antimicrobial treatment received, occurrence and grade of CRS and/or neurotoxicity, serum immunoglobulin G (IgG) and cytokine levels, disease response, allogeneic HSCT after CTI, and survival. Neutropenia was defined as an absolute neutrophil count <500/μl and lymphopenia as an absolute lymphocyte count <300/μl. CRS was defined using the MSKCC grading criteria (Table 1) . CRS grade 0-2 was considered mild, whereas grade ≥3 was considered severe, as described elsewhere [5, 7, 20, 21] . Neurotoxicity was assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.03 [22] .
Statistical Considerations
Clinical predictors of infection were assessed using survival analysis. Clinical variables analyzed included age, sex, prior lines of chemotherapy, prior allogeneic HSCT, conditioning chemotherapy, morphologic disease status (≥5% blasts or extramedullary involvement), CAR T-cell dose, quantitative IgG nadir, and maximum CRS grade. Cox proportional hazard modeling was used to examine these potential predictors; variables were first analyzed individually by means of univariate analysis. CRS was analyzed as a time-dependent predictor. Predictors with a univariate P value ≤.25 were analyzed in a multivariate model. Kaplan-Meier plots were used to further estimate the association between CRS grade and infection. All statistical analyses were performed using R software, version 3.2 (R Development Core Team).
RESULTS
Patients and Protocol Treatment
Fifty-three patients with relapsed or refractory B-ALL received CD19 CAR T cells during the study period. Detailed patient and laboratory characteristics are listed in Table 2 . The median age was 45 years (interquartile range [IQR], 30-74 years); 39 (74%) were men, and the majority (43; 81%) were white. The study patients were pretreated with a median of 3 prior lines of chemotherapy (IQR, 2-7) before CTI, and 19 patients (36%) underwent a prior allogeneic HSCT. Per protocol, all received conditioning chemotherapy, either cyclophosphamide alone (n = 42; 79%), cyclophosphamide plus fludarabine (n = 10; 19%), or cyclophosphamide plus clofarabine (n = 1; 2%). Before conditioning chemotherapy, 30 (57%) had a documented absolute lymphocyte count <300/µL with a median lymphopenia duration of 3 days (IQR, 1-42 days); 18 (34%) had an absolute neutrophil count <500/µL with a median neutropenia Among the 53 treated patients, complete remission was achieved in 44 (83%). CRS of any grade occurred in 45 patients (85%), and severe CRS, defined as grade 3 and above, occurred in 14 (26%), including 1 patient in whom grade 5 CRS developed and who died of multiorgan failure on day 5 of treatment. CRS was managed with tocilizumab (n = 6), tocilizumab plus corticosteroid (n = 13), corticosteroid alone (n = 4), or supportive care in the other patients (n = 22). Grade 2, 3, or 4 neurotoxicity were observed in 1, 19, and 3 patients, respectively. There were no cases of cerebral edema and no fatal neurologic events. Twenty patients were transferred to the intensive care unit for closer monitoring of symptoms related to CRS and/or neurotoxicity.
Infections ≤30 Days After CTI
Details of antimicrobial prophylaxis are listed in Table 2 . None received fluoroquinolone prophylaxis, 52 patients (98%) received antiviral prophylaxis, and 46 (87%) received anti-Pneumocystis prophylaxis. Forty-two patients (79%) were given antifungal prophylaxis, with micafungin (100 mg/d intravenously) the most frequently prescribed agent.
During the first 30 days after CTI, 26 infections developed in 22 patients (42%); all but 4 infections occurred while the patient was neutropenic (Table 3 and Figure 1 ). Bacterial infections predominated and included 8 bloodstream infections (BSIs), 1 intraabdominal infection, 4 cases of Clostridium difficile diarrhea, 2 pneumonias, 1 case of pyelonephritis, and 1 chest wall abscess. Four IFIs occurred in patients receiving micafungin prophylaxis. These included 1 case of Saccharomyces cerevisiae fungemia, 2 of probable invasive pulmonary aspergillosis, and 1 of proven pulmonary mucormycosis. There were 2 viral reactivations (1 herpes simplex and 1 varicella zoster virus); the case of shingles occurred in the absence of acyclovir prophylaxis. Three viral upper respiratory tract infections rounded out the remaining infections.
Infections >30 Days After CTI
Twenty-four of 32 surviving patients who attained complete remission had IgG levels checked between day 31 and receipt of HSCT, relapse, or last MSKCC follow-up, whichever date came first. Of the 24 patients, 20 (83%) had low IgG levels, with a median of 415 mg/dL (IQR, 338-635), and 1 patient received intravenous immunoglobulin. Ten of 32 patients (31%) had 15 infections between day 31 and day 180, which included 9 viral (8 respiratory viruses, 1 BK viruria), 5 bacterial, and 1 fungal infection (Table 3 and Figure 1 ). Of these 10 patients, 6 were hypogammaglobulinemic.
Infection-Related Deaths
Three patients died of infectious complications during the study period: 1 patient, who had a long-standing history of pneumonia and tracheostomy before CTI, died of necrotizing pneumonia and septicemia due to multidrug-resistant Pseudomonas aeruginosa 52 days after CTI; the other 2 patients who had undergone prior allogeneic HSCT died of polymicrobial sepsis at 30 and 41 days after CTI.
Clinical Factors Associated With Infections
We then analyzed various pre-and posttreatment clinical factors to examine their association with increased infectious risk. Whereas age, sex, prior lines of chemotherapy, prior allogeneic HSCT, cyclophosphamide dose, conditioning regimen (cyclophosphamide alone vs cyclophosphamide plus fludarabine), disease burden, CAR T-cell dose, and hypogammaglobulinemia did not correlate with risk of infection in univariate analysis, CRS (grade ≥3) was associated with increased risk of subsequent infection, particularly BSI (Table 4 ). The association between grade ≥3 CRS and infection (adjusted hazard ratio [HR], 2.67; P = .05) or BSI (adjusted HR, 19.97; P < .001) remained significant in multivariate analysis. Cumulative incidence curves of time to infection and BSI within 180 days after CTI stratified by CRS grades are shown in Figure 2 , demonstrating a significant association between high-grade CRS and the risk of infection.
To examine whether serum cytokine profiles differ in patients with CRS and infection, we first identified serum cytokines correlated with grades of CRS: interferon γ, IL-6, interleukin 10 and 15, and tumor necrosis factor α (Supplementary Figure 1A) . We then compared the serum cytokine panels in patients with CRS who had infections with those in patients who did not but found no difference in these serum levels (Supplementary Figure 1B) . Considering the timing of infections by organism type, bacterial infections occurred a median of 18 days (IQR, 9-29) after CTI, followed by fungal infections (median 23 days; IQR, 20-29 days) and viral infections (median 48 days; IQR, 20-80 days).
DISCUSSION
Our study highlights the frequency, type, and severity of infectious complications in patients with relapsed or refractory B-ALL during the first 6 months after CD19 CAR T-cell therapy. Overall, 22 patients (42%) experienced ≥1 infection, predominantly bacterial, within the first 30 days of CTI; 10 (31%) of 32 patients with complete remission experienced ≥1 infection, many due to respiratory virus, between days 31 and 180. The infection-related mortality rate was low in these heavily treated patients, with deaths occurring in cases of either a multidrug-resistant organism (n = 1) or polymicrobial infection (n = 2).
In 1 recent publication, early (day 0-28) and late (day 29-90) infectious complications were seen in 30% (14 of 47) and 21% (9 of 43) of patients with ALL who underwent CAR T-cell therapy, respectively [23] . Although a direct comparison was limited by differences in methods and periods of observation, the types of infections occurring in the early and late periods after CTI were similar to those in our study, and life-threatening or fatal infections were also rare.
We found that the presence of grade ≥3 CRS was the only factor independently associated with any infection, and in particular BSI. It is unclear whether tocilizumab or corticosteroids used to treat high-grade CRS increases the risk of infection independent of CRS, but we were not able to find a significant association in univariate analysis (data not shown). Notably, a similar finding of an association between CRS and infection was recently reported in another trial of CD19-targeted CAR T cells, but with a different costimulatory domain (41BB vs CD28 in our study) and in patients with ALL, chronic lymphocytic leukemia, and non-Hodgkin lymphoma [23] . However, a potential mechanism underlying the association between high-grade CRS and infection is unclear. Although high-grade CRS is correlated with robust CAR T-cell expansion [3] [4] [5] [6] [7] and preclinical studies have demonstrated that tonic CAR signaling may induce early exhaustion of T cells [24] , there is currently h Early mold infections included 2 cases of probable pulmonary aspergillosis (1 Aspergillus fumigatus and 1 patient with elevated serum and bronchoalveolar galactomannan levels but no recovered organism) and 1 case of proven pulmonary mucormycosis. The single late mold infection was probable pulmonary aspergillosis (patient had elevated serum galactomannan levels but no recovered organism). no evidence to suggest that these T cells lead to immune dysfunction.
Because sepsis due to infection can trigger a cytokine storm [25] and potentially lead to higher proinflammatory cytokines in patients with CRS due to CTI, we examined cytokine profiles in patients who experienced CRS with or without documented infection and found that although cytokine levels correspond to the severity of CRS, the pattern did not differ in patients with CRS with or without concomitant infection. This finding suggests that it is unlikely infection exacerbated CRS by altering cytokine levels, but further studies are required to investigate whether high levels of proinflammatory and anti-inflammatory Timeline depicts the periods of neutropenia, cytokine release syndrome, and bacterial, fungal, and viral infections for 53 study patients after CAR T-cell infusion (CTI) until allogeneic transplantation, death, or last follow-up date through day 180. Abbreviations: allo-HSCT, allogeneic hematopoietic stem cell transplantation; BSI, bloodstream infection; CDI, Clostridium difficile infection; CRE, carbapenem-resistant Enterobacteriaceae; CTI, CAR T-cell infusion; E. coli, Escherichia coli; ESBL, extended-spectrum β-lactamase; G. sputi, Gordonia sputi; HSV, herpes simplex virus; IPA, invasive pulmonary aspergillosis; K. pneumoniae, Klebsiella pneumoniae; MDR, multidrug-resistant; P. aeruginosa, Pseudomonas aeruginosa; PIV, parainfluenza virus; PNA, pneumonia; S. maltophilia, Stenotrophomonas maltophilia; URTI, upper respiratory tract infection; UTI, urinary tract infection; VRE, vancomycin-resistant Enterococcus.
cytokines and immunosuppressive therapies contribute to the increased risk of infections in patients with severe CRS. Nonetheless, infections can occur together during times of CRS, and clinicians should be aware of infectious complications, because signs and symptoms of CRS and sepsis are often difficult to distinguish, with differences in management (eg, use of IL-6-directed therapies and corticosteroids in CRS) [26] [27] [28] .
To date, there are no standardized antimicrobial prophylactic practices in patients undergoing CTI for B-ALL. However, we have made several observations. First, our study found that there were no cases of Pneumocystis jiroveci pneumonitis and rare herpetic viral reactivations. Nearly all viral infections were due to respiratory viruses, occurring late after CTI, at a median of 48 days.
We also observed that bacterial infections occurred a median of 18 days after CTI, followed by fungal infections at a median of 23 days. The early occurrence of bacterial infections, followed by fungal infections, mirrors that in patients undergoing allogeneic HSCT or high-risk patients with acute leukemia or myelodysplastic syndrome receiving cytotoxic chemotherapy [29, 30] . Although no study patient received fluoroquinolone prophylaxis before CAR T-cell therapy, it is debatable whether fluoroquinolone prophylaxis would have had significant utility in this particular cohort. Once C. difficile infections were excluded, we found that 7 of the 13 remaining documented bacterial infections diagnosed within the first 30 days after CTI were due to resistant organisms. These included 3 VRE, 2 ESBL-producing Escherichia coli, 1 multidrug-resistant P. aeruginosa, and 1 carbapenemase-producing Klebsiella pneumoniae infection. All study patients had previously experienced ≥2 lines of chemotherapy for B-ALL, and 19 patients (36%) had also undergone prior allogeneic HSCT. We can thus infer that these patients had significant antimicrobial exposure before CAR T-cell therapy. Although prior antimicrobial exposure is a well-known risk factor for colonization by resistant organisms, it is difficult to know to what degree it contributed in this study cohort [31] .
The decision regarding choice of antifungal prophylaxis depends on several factors, including local epidemiology, drug interactions, and adverse effect profile. At MSKCC, there were 4 breakthrough IFIs (9.5%) among 42 patients receiving antifungal prophylaxis. The majority of patients (32 of 42; 76%) received micafungin prophylaxis (100 mg intravenously daily). Compared with posaconazole suspension, micafungin was associated with a lower rate of premature discontinuation from gastrointestinal intolerance or adverse effects in patients with acute leukemia or myelodysplastic syndrome in a single-center, randomized, open-label study [32] . Although all 4 breakthrough IFIs occurred in patients receiving micafungin (4 of 32; 12.5%), this finding is comparable to the 8.6% rate of proven or probable IFI in the micafungin prophylactic arm [32] . It remains to be seen whether patients undergoing CAR T-cell therapy can be better stratified to identify those at higher risk for invasive mold infections and better target antifungal prophylaxis.
Because prolonged B-cell aplasia is a known complication after targeted CD19 therapy, we looked for infections consistent with a humoral immune deficiency (eg, recurrent sinopulmonary infections, diarrhea) and evaluated hypogammaglobulinemia in our survival model. However, in the patients for whom IgG levels were available, hypogammaglobulinemia was mild, obviating the need for routine immunoglobulin replacement. Although we did not see clear examples of humoral immune deficiency, the number of examined patients (n = 24) was small, and the rate, degree, and duration of B-cell aplasia and hypogammaglobulinemia may vary, depending on the patients' age (children vs adults) and the duration of CAR T-cell persistence and therefore may require further prospective evaluations. Although CAR T-cell therapy may impart some additional infectious risk not explained by the patient's backdrop of prior cancer treatment, it was not possible to quantify the attributable risk, in part owing to the difficulty of selecting an appropriate comparison group for this highly customized patient cohort participating in a phase I clinical trial. Because this was a single-center study, the epidemiology of infections along with susceptibility patterns may differ from that in other centers and thus may affect how one's institution will approach antimicrobial prophylaxis.
In summary, infections are common in adults with relapsed B-ALL after CD19 CAR T-cell therapy and can co-occur during times of CRS, although infection-related deaths were low. Based on our observations of the frequency and timing of infections, antimicrobial prophylaxis probably will parallel that for highrisk neutropenic patients although local bacterial and fungal epidemiology should be considered. As we gain experience with the different CAR constructs in various hematologic cancers, further studies should be conducted so we can better understand acute and delayed infectious complications in order to develop optimal prophylactic and management strategies and improve clinical outcomes in patients with various hematologic cancers receiving CD19 CAR T cells.
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